Deflection of auditory hair cell hair bundle results in a nonlinear force-displacement relationships whose molecular mechanism remains unknown. A gating spring model posits that mechano-sensitive channels are in series with a spring such that channel opening puts the activation gate in series with the spring, thus reducing spring extension until further stimulation is provided. Here we present a theoretical analysis of whether the lipid membrane might be the source of nonlinearity. A hair bundle kinematic model is coupled with a lipid membrane model that includes a diffusible compartment into which the tip-link embeds and a minimally diffusive reservoir pool. Using physiological parameters this model was capable of reproducing nonlinear force-displacement plots, including a negative stiffness component but required a standing tip-link tension.
INTRODUCTION
The gating-spring model of a hair bundle derives from the nonlinear bundle-force vs. displacement relationship when the bundle is stimulated from the resting state by a sequence of step displacements of different magnitudes. This nonlinear relationship features a region of reduced bundle stiffness (i.e., increased compliance), that aligns with the steepest portion of the hair-cell mechanotransduction-channel activation curve [1, 2] . To account for this result, the gating-spring model postulates the existence of an elastic component, termed the "hair-cell gating spring", that is coupled between the mechanotransduction channel and the bundle displacement in such a way that the gating of the channel results in a decrease in force on the gating spring [1] .
An initial hypothesis that the stereociliary tip links themselves form the basis for the gating-spring element now seems less persuasive because the Cadherin-23 and Protocadherin15molecules that compose the tip-links are too stiff to act as the gating spring. In another hypothesis, one of the "transient receptor potential" (TRP) channels, a group of ion channels for numerous cell types in living organs, has been proposed to be the MET channel, and its intracellular elastic element, called "Ankyrin-repeats", has been proposed to provide the necessary elastic engagement of the gating spring [3] . As another possibility, recent computational work has investigated the possible role of lipid-membrane tenting as the gating spring [4, 5] . Given these diverse molecular candidates for the gating spring, questions remain as to the molecular and physical basis for the reduced bundle stiffness (i.e., increased compliance) observed in the bundle-force vs. displacement relationship. The major goal of this work is to determine if membrane lipid properties can account for these nonlinear force vs. displacement plots obtained from sensory-hair-cell hair-bundle deflections.
METHODS
We developed a hair bundle model that contains two basic components: a kinematic component describing the motion of the hair bundle about its base and the translation of this motion into force exerted at the tip-link, and a second component which transfers the tip-link force onto the lipid bilayer. An array of 7 stereocilia of varying heights was used, with the heights increasing stepwise toward one side, and adjacent stereocilia were attached to one another by "horizontal top connectors" (HTCs) and tip-links. The model assumed that the actin core, tip-links, and HTCs were all rigid bodies, though the HTCs were allowed to freely slide along the membrane surface in order to constrain the minimum distance between two adjacent stereocilia. The model contained two elastic components, due to the rotational deflection of the rootlet and the tented deformation of the lipid bilayer. The stereociliary lipid-bilayer was presented as two components: a transport-isolated tip component into which the tip-link inserts, and an immobile compartment that comprises the majority of the stereocilium's lipid bilayer. The tip component of the lipid compartment was freely extensible, unlike the larger immobile compartment that was considered to be affixed to the cytoskeleton.
